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Photocatalytic overall water splitting is a promising method for producing clean hydrogen energy, but
faces challenges such as low light utilization efficiency and high charge carrier recombination rates.
This study demonstrates that dielectric Mie resonance in TiO, hollow nanoshells can enhance electric
field intensity and increase light absorption through resonant energy transfer, compared to crushed TiO,
nanoparticles. The Mie resonance effect was confirmed through fluorescence spectra, photo-response cur-
rent measurements, photocatalytic water splitting experiments, and Mie calculation. The incident electric-
field amplitude was doubled in hollow nanoshells, allowing for increased light trapping. Additionally, the
spatially separated Pt and RuO, cocatalysts on the inner and outer surfaces facilitated the separation
of photoinduced electrons and holes. Pt@TiO,@RuO, hollow nanoshells exhibited superior photocatalytic
water splitting performance, with a stable H, generation rate of 50.1 pmol g-! h~! and O, evolution rate
of 25.1 pmol g~ h~', outperforming other nanostructures such as TiO,, Pt@TiO,, and TiO,@Ru0Q, hollow
nanoshells. This study suggests that dielectric Mie resonance and spatially-separated cocatalysts offer a
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new approach to simultaneously enhance light absorption and charge carrier transfer in photocatalysis.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Photocatalytic overall water splitting is considered an efficient
strategy to address the energy crisis, utilizing solar light as the sole
energy source and pure water as the reactant. Significant progress
has been made by various research groups over the past decades,
although the work mainly remains in the laboratory phase [1-3].
Two major challenges must be overcome before practical indus-
trial application. The first challenge involves improving sunlight
utilization efficiency, typically achieved through strategies such as
element doping, sensitization, or composites to broaden the pho-
tocatalyst’s photo-response range across the solar energy spec-
trum [4-6]. Factors like doping elements and concentration, sen-
sitizer stability and cost, and the alignment of valence and con-
duction band potentials must be carefully studied for optimal cat-
alytic performance. Moreover, a considerable amount of incident
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light passes through the photocatalytic dispersion system with-
out converting into excited charge carriers. Plasmonic nanostruc-
tures have been developed to enhance light absorption through
the nanoantenna effect and improved electric-field distribution due
to localized surface plasmonic resonance (LSPR) of noble metal
nanoparticles [7-9]. The frequency of LSPR is influenced by fac-
tors such as composition, size, geometry, dielectric environment,
and nanoparticle separation distance. However, these structures of-
ten face challenges such as energy loss and excessive heat genera-
tion, limiting their potential benefits for photocatalysis. Whispering
gallery modes (WGMs) in dielectric spheres have recently gained
attention due to their low loss, stability, and resonance tunabil-
ity. WGMs arise from the continuous reflection of incident light
within the optical cavity, confining and guiding light along the
surface [10-12]. Specifically, constructive resonance mode, known
as Mie resonance, occurs when the light path corresponds to a
multiple of a specific wavelength inside the sphere, resulting in
an enhancement of the electric and magnetic field intensity [13-
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16]. The resonance wavelength in hollow nanoshells is dependent
on inner diameter, shell thickness, refractive index of shell mate-
rials, and surrounding medium [17]. Dielectric Mie resonance of-
fers the potential to rival or complement plasmonic resonances,
and not only shares properties with LSPR, such as enhanced scat-
tering, but also features unique characteristics like strong mag-
netic resonance. This enhancement of electromagnetic field has
been utilized by various research groups to enhance light ab-
sorption in thin-film solar cells, by directing the confined light
within resonant spheres into absorbing materials to improve light
trapping capabilities [15,18,19]. Successful light trapping enhance-
ment hinges on tuning the resonance wavelength to align with
the photo-response range of semiconductors. While Mie resonance
in silica hollow spheres has shown promise for structural colors
[20-22], semiconductor materials are more commonly used in dif-
ferent fields like photocatalysis, photovoltaics, and sensors. Our
previous work focused on exploring Mie resonance in TiO, hol-
low nanoshells, demonstrating the ability to modulate resonant
peaks by adjusting the inner diameter or surrounding medium
[23]. Additionally, we showcased an anti-counterfeiting application
by changing the structural color reversibly to reveal hidden in-
formation in designed patterns. Building on the concept of plas-
monic resonance in noble metals for photocatalysis, we studied
Mie resonance in TiO, nanoshells for photocatalytic hydrogen evo-
lution, aiming to enhance the light absorption. Matching the res-
onance wavelength of TiO, hollow nanoshells with the absorp-
tion range of sensitized dye or CdS semiconductor significantly
improved photocatalytic performance, highlighting the potential of
Mie resonance-enhanced light trapping in dielectric hollow spheres
[24,25].

The acceleration of photogenerated charge carriers’ separation
is another challenge in enhancing overall water splitting efficiency.
Various strategies have been explored to facilitate the movement
of electron-hole pairs and reduce recombination rates, such as
adjusting particle size, controlling crystal orientation, creating Z-
scheme and S-scheme structures, and loading cocatalysts [26-29].
Among these approaches, cocatalysts with spatial separation play a
crucial role in directing electrons and holes along different paths,
minimizing contact opportunities during migration from bulk to
surface, and thereby suppressing recombination of charge carri-
ers. Hollow nanostructured materials, known for their large surface
area, specific space, low density, and high loading capacity, have
been extensively studied in catalysis, energy storage, and drug de-
livery [30-32]. The inner cavities and outer surfaces of these ma-
terials offer naturally segregated regions for the incorporation of
reduction and oxidation cocatalysts.

Herein, hollow TiO, microspheres were synthesized with
spatially-separated Pt and RuO, cocatalysts for dielectric Mie
resonance-enhanced photocatalytic water splitting. Pt and RuO,
nanoparticles were positioned on the inner space and outer shell
of the microspheres, respectively. Our previous work researched
the dielectric Mie resonance in TiO, hollow nanoshells to match
with another visible-light-response materials (dye or CdS) [24,25].
This study focuses on demonstrating that a single metal oxide
semiconductor, specifically TiO,, can exhibit dielectric Mie reso-
nance and catalyze photocatalytic redox reactions. By leveraging
dielectric Mie resonance in UV light, we aim to improve the light
absorption capacity of TiO, hollow nanoshells. Experimental data,
including fluorescence spectra, photo-response current, and pho-
tocatalytic hydrogen production, confirmed the presence of Mie
resonance in the hollow nanoshells. Mie calculations indicated a
twofold increase in near electric-field intensity. The photocatalytic
results suggested that Pt@TiO,@Ru0O, hollow nanoshells showed
the highest hydrogen and oxygen evolution rates from overall wa-
ter splitting, owing to the dual functionality of dielectric Mie reso-
nance and charge separation.
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Fig. 1. (a-e) TEM images of samples at different stages of synthesizing
Pt@TiO,@RuO, hollow nanoshells, in order: (a) SiO, spheres, (b) SiO,-Pt spheres,
(c) SiO,-Pt@Si0O,, (d) SiO,-Pt@SiO,@TiO,, (e) Pt@TiO,@RuO, hollow nanoshells
and corresponding HRTEM image (inset). (f) SEM image of Pt@TiO,@RuO, hollow
nanoshells.

Pt@TiO,@RuO, hollow nanoshells were prepared in a stepwise
fashion to facilitate the movement of photoinduced electrons and
holes in distinct directions. (see the detailed experiments in Sup-
porting information). The microstructure of the synthesized sam-
ples at different stages was observed using transmission electron
microscopy (TEM) (Fig. 1). The SiO, spheres exhibited monodis-
persion with an average diameter of 230nm and a smooth sur-
face (Fig. 1a). Small Pt nanoparticles (2.9 nm) were uniformly an-
chored on the outer surface of the SiO, spheres (Fig. 1b). Subse-
quently, one more SiO, layer coating was conducted to prevent Pt
nanoparticles from migrating to the TiO, outer surface during sub-
sequent calcination. TEM image further confirmed the positioning
of Pt nanoparticles between the SiO, sphere and the SiO, coating
layer (Fig. 1c), ensuring that the final Pt nanoparticles were located
on the inner surface of TiO, hollow nanoshells. Rough TiO, shells
were effectively coated on the outer SiO, surface through the hy-
drolysis of titanium n-butoxide (TBOT) (Fig. 1d). Following cation
exchange, calcination, and complete etching, RuO, nanoparticles
were anchored in-situ on the outer surface, and Pt@TiO,@RuO,
hollow nanoshells with an inner diameter of 260nm and a shell
thickness of 23nm were produced (Fig. 1e). The high-resolution
TEM (HRTEM) image in Fig. 1e inset displayed clear lattice fringes
with a lattice distance of 0.352nm, corresponding to the (101)
facet of anatase TiO, [33,34]. RuO, nanoparticles were challenging
to observe by TEM due to their small size and/or high distribution.
The scanning electron microscopy (SEM) image in Fig. 1f further il-
lustrated the formation of well-dispersed spherical particles. To in-
vestigate the distribution of Pt and RuO, in the hollow nanoshells,
high-angle annular dark field scanning transmission electron mi-
croscopy (HAADF-STEM) and energy-dispersive X-ray spectroscopy
(EDS) elemental mappings were performed (Fig. S1 in Supporting
information). The Ti and O elements predominantly occupied the
hollow structure with uniform dispersion, while Pt and Ru were
dispersed on the inner and outer surfaces.

The phase structures of the synthesized samples were analyzed
using powder X-ray diffraction (XRD). As presented in Fig. 2a, the
TiO, hollow nanoshells displayed the anatase phase with char-
acteristic diffraction peaks at 25.3°, 37.8°, 48.8°, 53.8°, 55.1°, and
62.7°, corresponding to (101), (004), (200), (105), (211), and (204)
planes [35]. After loading Pt cocatalyst, another two small peaks
at 39.7° and 46.2° were detected, which were attributed to (111)
and (200) planes of cubic Pt [36]. Following ion exchange and
calcination, the tetragonal RuO, phase was observed with weak
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Fig. 2. (a) XRD patterns of TiO, hollow nanoshells, Pt@TiO, hollow nanoshells,
TiO,@RuO; hollow nanoshells, and Pt@TiO,@RuO, hollow nanoshells prepared with
230nm colloidal silica templates. (b) UV-vis diffused reflectance spectra of TiO,,
Pt@TiO,, TiO,@Ru0,, and Pt@TiO,@RuO,. (c) The photoluminescence (PL) spectra of
hollow TiO, and crushed TiO, with an excitation wavelength of 360 nm. (d) Tran-
sient photocurrent response of the samples coated on ITO glass in 0.1 mol/L Na,SO4
aqueous solution at a bias of 0V (vs. Ag/AgCl) during the switch on-off cycles ev-
ery 20s under simulated sunlight irradiation. (e) Photocatalytic hydrogen produc-
tion from water splitting over hollow TiO, and crushed TiO, with 0.5% Pt under
simulated sunlight irradiation. (f) Schematic illustration of dielectric Mie resonance-
enhanced charge excitation.

diffraction peaks at 28.0° and 35.1° [37]. The Pt@TiO,@RuO, hol-
low nanoshells presented the mixed phases of anatase TiO,, cu-
bic Pt, and tetragonal RuO,, confirming the successful synthesis
of hollow TiO, microspheres with spatially-separated Pt and RuO,
co-catalysts. The crystalline size of anatase TiO, was calculated to
be 7.0nm according to the Scherrer’s equation. UV-vis diffused
reflectance spectra showed strong absorption below 400nm for
TiO, hollow nanoshells due to its band gap of 3.2eV (Fig. 2b).
Absorption in the UV region for Pt@TiO, and TiO,@RuO, hol-
low nanoshells was attributed to anatase TiO,, while absorption
in the visible region was linked to Pt or RuO, nanoparticles. The
Pt@TiO,@Ru0, hollow nanoshells exhibited significant absorption
in both UV and visible regions. Plasmonic metal nanoparticles are
known to transfer energy to nearby semiconductors through var-
ious mechanisms such as localized surface plasmonic resonance
(LSPR) energy transfer, nanoantenna effect, or hot electron injec-
tion [38,39]. Similarly, the enhanced electric field from dielectric
Mie resonance in hollow nanoshells can further excite the semi-
conductor, generating more electron-hole pairs when the reso-
nance wavelength matches its intrinsic absorption range. Photolu-
minescence (PL) spectra serve as a strategy to confirm the pres-
ence of Mie resonance in hollow nanoshells. Both hollow TiO, and
crushed TiO, exhibited anatase phase with identical nanoparticle
size, as the crushed TiO, resulted from the structural collapse of
hollow TiO, in an agate mortar. As described in Fig. 2c, both sam-
ples showed the emission peak at 530 nm with the excitation at
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360nm. The PL intensity of hollow TiO, was 1.90 times higher
than that of crushed TiO,, indicating that the confined incident
light and dielectric Mie resonance in hollow nanoshells continu-
ously excited charge carriers, resulting in more charge recombina-
tion and thus higher PL emission intensity [40,41]. Additionally, the
transient photocurrent response was measured to evaluate the en-
hancement function of dielectric Mie resonance for light utiliza-
tion (Fig. 2d). The photo-response current is a result of photoin-
duced electrons transferring within the TiO, semiconductor upon
light irradiation [42]. This resonance effect in hollow nanoshells
confines incident light around the surface, enhancing the excita-
tion of electrons from the valence band to the conduction band of
TiO,. Consequently, an increased number of photogenerated elec-
trons leads to higher photocurrent in TiO, hollow nanoshells dur-
ing light exposure. In contrast, the photocurrent of TiO, nanopar-
ticles slightly decreased under light illumination due to rapid re-
combination of charge carriers. To elucidate the enhancement of
light utilization efficiency through dielectric Mie resonance, a pho-
tocatalytic hydrogen evolution experiment was conducted using
hollow TiO, and crushed TiO, with a 0.5% Pt cocatalyst in the pres-
ence of a methanol sacrificial agent (Fig. 2e). The hollow TiO, cata-
lyst showed the stable photocatalytic H, production with an evolu-
tion rate of 0.97 mmol g~! h~!, which was 1.24 times higher than
that of crushed TiO, nanoparticles (0.78 mmol g~! h-1). Fig. 2f
schematically illustrated the photocatalytic mechanism, involving
dielectric Mie resonance and charge separation. Upon light irradia-
tion, electrons in the TiO, semiconductor were excited and trans-
ferred to the Pt nanoparticles for photocatalytic hydrogen produc-
tion. Furthermore, the dielectric Mie resonance boosted the electric
field intensity and transferred energy to TiO,, resulting in the gen-
eration of additional excited electrons. Consequently, dielectric Mie
resonance proved advantageous in enhancing light trapping ability
and improving photocatalytic performance.

The photocatalytic overall water splitting performance was as-
sessed in a catalysis system under simulated sunlight irradiation
without sacrificial agents (Fig. 3a). Initially, TiO, hollow nanoshells
exhibited low gas production due to rapid charge recombination
and high overpotential on the surface. However, when Pt or RuO,
cocatalysts were integrated into the TiO, nanoshells, successful
H, and O, evolution from pure water splitting was observed.
Particularly, Pt@TiO,@Ru0O, hollow nanoshells, featuring spatially-
separated cocatalysts, demonstrated the most effective photocat-
alytic water splitting performance. This was evidenced by a sta-
ble H, generation rate of 50.1 umol g~! h~! and O, evolution rate
of 25.1pmol g=! h~1, maintaining a near stoichiometric ratio of
2:1. Results presented in Table S1 (Supporting information) show
that these hollow nanoshells exhibit competitive photocatalytic ac-
tivity for overall water splitting when compared to related sam-
ples in literature. The stability of Pt@TiO,@RuO, hollow nanoshells
was assessed through a cycle test of overall water splitting (Fig.
S2 in Supporting information). The catalyst exhibited consistent
H, and O, evolution under simulated sunlight in each cycle, and
nearly 90% of the initial activity was maintained after 24 h, making
Pt@TiO,@RuO, hollow nanoshells a promising candidate for prac-
tical applications. The experiments highlighted the importance of
cocatalysts in enhancing charge separation for water splitting, as
well as the role of dielectric Mie resonance in hollow nanoshells
for improved light trapping. Solar energy and seawater are abun-
dant resources, making seawater an ideal industrial-grade resource
for hydrogen and oxygen production through photocatalysis [43].
However, the performance of photocatalytic seawater splitting can
be affected by various factors such as solution pH, cations, anions,
and competitive reactions due to the thermodynamic favorability
of certain species over water molecules [44]. This work focuses on
photocatalytic pure water splitting and further research need to be
conducted to clarify the influence of water quality on the photo-
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Fig. 3. (a) Photocatalytic overall water splitting over different catalysts under sim-
ulated sunlight irradiation. (b) Schematic illustration of photocatalytic water split-
ting with Pt@TiO,@Ru0O, hollow nanoshells as the catalyst. (c) Refractive index of
TiO, in the wavelength range of 300—800nm. (d) Simulated cross-section of ab-
sorption, scattering and extinction of TiO, hollow nanoshells (inner diameter of
260nm and shell thickness of 23nm) and TiO, nanoparticles (inset). (e) Optical
field profiles (electric field amplitude) for dielectric Mie resonance in TiO, hollow
nanoshells at 359 nm. (f) Schematic illustration of Mie resonance, light utilization,
and charge separation in Pt@TiO,@RuO, hollow nanoshells for photocatalytic over-
all water splitting.

catalytic water decomposition performance. Additionally, theoreti-
cal calculation based on Mie theory was used to analyze the opti-
cal properties and electric field distribution in hollow nanoshells.
The simulation model depicted in Fig. 3b illustrated the efficient
capture of incident light by suspended nanoshells in water, lead-
ing to the generation of photo-induced charge carriers through
dielectric Mie resonance. The refractive index of TiO,, as shown
in Fig. 3c, considered the absorption properties in the ultravio-
let region by incorporating the imaginary part of the refractive
index. Fig. 3d illustrated the simulated absorption, scattering and
extinction cross-section of TiO, hollow nanoshells and nanoparti-
cles (inset). TiO, hollow nanoshells exhibited significant absorp-
tion below 400nm, with no absorption observed in the visible
light region. The scattering spectrum of TiO, hollow nanoshells
displayed two peaks at 359nm and 393 nm, along with a broad
scattering band from 400nm to 800 nm. The extinction spectrum
of TiO, hollow nanoshells was a combination of the absorption
and scattering spectra. When compared to TiO, nanoshells, TiO,
nanoparticles with a crystalline size of 7nm showed absorption
below 400 nm but weak scattering in the 300-800 nm range. The
TiO, nanoparticles were actually derived from the structural frag-
mentation of TiO, hollow nanoshells through grinding in an agate
mortar. The size of the TiO, nanoparticles was identical to that
of TiO, hollow nanoshells. Based on the XRD results (Fig. 2a),
the crystalline size of the anatase TiO, nanoparticles was deter-
mined to be 7.0nm using Scherrer’s equation. Consequently, the
size of the TiO, nanoparticles was set at 7nm for the simulated
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calculations. The scattered light within the absorption range of
TiO, can excite nearby nanoparticles to generate charge carriers.
In Fig. 3e, the electric near-field distribution around the TiO, hol-
low nanoshells at a resonance wavelength of 359nm was simu-
lated using the finite-difference time-domain (FDTD) method. The
incident light was directed along the z-axis above the nanoshell.
The electric-field enhancement, defined as |E|/|Eg| (where E is the
incident field amplitude), showed a significant increase in electric
field intensity around the nanoshell, reaching a value of 2.0. This
localized electric field within the nanoshell enhances light trap-
ping efficiency, as absorbed power is proportional to the square of
the electric field [45,46]. Given that anatase TiO, has a bandgap
of 3.2eV and strongly absorbs UV light below 387 nm, the en-
hanced electric field at 359 nm can further excite TiO, to generate
more electrons from the valence band to the conduction band, re-
sulting in stronger photoluminescence emission, higher photocur-
rent response, and better photocatalytic activity. Finally, a mech-
anism was proposed for photocatalytic overall water splitting us-
ing Pt@TiO,@RuO, hollow nanoshells, considering dielectric Mie
resonance, light utilization, and charge separation (Fig. 3f). When
exposed to simulated sunlight, electrons moved from the valence
band to the conduction band of TiO,. The confined nanoshells al-
lowed incident light to travel around, enhancing the near elec-
tric field due to dielectric Mie resonance at 359nm. This fur-
ther excited the TiO, semiconductors, increasing the production
of charge carriers and improving light utilization efficiency. Addi-
tionally, photo-induced electrons migrated to inner Pt sites for wa-
ter reduction, while photo-induced holes transferred to RuO, sites
for water oxidation, enhancing the hydrogen and oxygen evolution
rate through spatial charge separation.

In summary, this study effectively illustrated the dual func-
tionality of designed Pt@TiO,@RuO, hollow nanoshells in boost-
ing photocatalytic overall water splitting through dielectric Mie
resonance and spatial separation of cocatalysts. Various method-
ologies, such as template synthesis, surface modification, and ion-
exchange, were employed to fabricate TiO, hollow nanoshells
with Pt nanoparticles inside and RuO, nanoparticles outside in a
controllable manner. Experimental techniques including photolu-
minescence emission, photocurrent measurements, and hydrogen
production, along with theoretical simulations using Mie theory,
confirmed the presence of dielectric Mie resonance in the hol-
low nanoshells. The resonant scattering at 359nm facilitated ef-
ficient light absorption by enhancing electric-field energy transfer.
The spatial separation of cocatalysts promoted charge migration,
leading to high rates of hydrogen and oxygen evolution during wa-
ter splitting. Overall, the discovery of dielectric Mie resonance in
nanoshells presents a novel approach to improve light absorption
and enhance solar-to-chemical conversion.
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